Ovalbumin, a member of the serpin superfamily, is transformed via an intermediate state into a noncleaved, thermostabilized form (S-ovalbumin) during either the storage of unfertilized eggs or development of fertilized eggs; essentially the same thermostabilization also occurs upon in vitro incubation of isolated ovalbumin under alkaline conditions. To investigate the implications of a partial insertion of the a-helical serpin loop into b-sheet A that has been proposed as a conformational mechanism for S-ovalbumin production, we examined the thermostabilization process of ovalbumin with diŠerent loop structures. When the thermostabilization processes were compared for the intact, P1-P1?-cleaved and P1-P1? W P8-P7-cleaved forms of egg white ovalbumin, both the rates for the conversion from the native to intermediate and from the intermediate to Sovalbumin were almost indistinguishable among the three protein forms. Furthermore, the fully loop-inserted form of recombinant ovalbumin mutant R339T that had been thermostabilized by P1-P1? cleavage with Tm values from 72 to 889 C was further thermostabilized by an alkaline treatment, yielding aˆnal product (loop inserted S-ovalbumin) with a Tm value of 939 C. No signiˆcant diŠerence was found between native ovalbumin and S-ovalbumin in respect of the rate of proteolytic cleavage of the loop by elastase and subtilisin. These data strongly suggest that S-ovalbumin is produced by a mechanism other than that of the partial loop insertion model.
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The serpins are a family of serine proteinase inhibitors which control the activity of physiologically important serine proteinases. 1) They undergo a unique conformational transition after being subjected to proteolytic cleavage at the P1-P1? site; the reactive center loop is inserted into central b-sheet A, thereby driving the trapped proteinase far to the opposite side.
2) This dynamic conformational change is accompanied by a marked increase in the thermostability.
3) The native serpin structure has therefore been considered as a kinetically trapped metastable intermediate during protein folding in vivo. 4) Ovalbumin, a major component of egg white protein, is grouped into the serpin superfamily, because of the close similarity in its primary and tertiary structures 5, 6) and of the canonical loop cleavage at the P1-P1? site by a serine proteinase.
7) The egg white protein has neither the loop-insertion mechanism 3) nor inhibitor activity and is thus grouped into the non-inhibitory serpins. 8) Our recent thermodynamic and structural analyses 9) have, however, demonstrated that mutant ovalbumin R339T with replacement of the P14 hinge residue undergoes, following P1-P1? cleavage, a structural transition into a fully loopinserted conformer that is accompanied by marked thermostabilization with a DTm value of 15.89 C. This implies that native ovalbumin is a metastable conformer as well.
As an alternative thermostabilization proˆle, egg white ovalbumin is converted without serpin cleavage into a thermostabilized species, S-ovalbumin, during either the storage of unfertilized eggs 10, 11) or the development of fertilized eggs. 12, 13) The transformation of ovalbumin into S-ovalbumin is a serious problem in food processing, since egg white that includes S-ovalbumin forms a heat-induced gel with poor strength. 14) Essentially the same thermostabilization also occurs upon the in vitro incubation of isolated ovalbumin under alkaline conditions. 10, 11) According to diŠerential scanning calorimetry, the diŠerence in the denaturation temperature between native ovalbumin and S-ovalbumin is as large as 89 C; 15) in the transformation of native ovalbumin to S-ovalbumin, a thermodynamically distinct intermediate is involved.
15)
The structural mechanism for S-ovalbumin formation has long been a puzzling question in both food science and serpin biochemistry. As a persuasive model, Huntington et al. have claimed that S-ovalbumin is a conformer of native ovalbumin with its loop partially inserted into b-sheet A as an additional strand. 16, 17) This model is related to the presence of a non-cleaved locked form with partially loop-inserted conformation and with partially increased thermostability that has been reported for antithrombin. 18, 19) In the present study, to address the loop-insertion problem for S-ovalbumin production, we investigate the thermostabilization process of ovalbumin with diŠerent loop structures. When the thermostabilization processes were compared for the intact, P1-P1?-cleaved and P1-P1? W P8-P7-cleaved forms of egg white ovalbumin, both the rates for the conversion from the native to intermediate and from the intermediate to S-ovalbumin were almost indistinguishable among the three protein forms. Furthermore, the fully loop-inserted form of recombinant ovalbumin mutant R339T that had been thermostabilized by P1-P1? cleavage was further thermostabilized by an alkaline treatment, yielding aˆnal product (loopinserted S-ovalbumin). These data make it very unlikely that partial loop insertion is the major underlying mechanism for S-ovalbumin production.
Materials and Methods
Materials. Egg white ovalbumin was obtained by crystallization in an ammonium sulfate solution. 20) The diphosphorylated form of ovalbumin (A1-ovalbumin) was puriˆed by ion-exchange chromatography 21) in a prepacked column of Hiload 26 W 10 Q-Sepharose HP (Amersham Pharmacia Biotech., Sweden) with a linear gradient from a 50 to 150 mM sodium phosphate buŠer at pH 6.0 and 3.0 ml W min ‰ow over 100 min. A1-ovalbumin (1 mg W ml) was incubated at 1 W 100 (w W w) with porcine pancreatic elastase to prepare the P1-P1?-cleaved form 7) and with subtilisin Carlsberg for the P1-P1? W P8-P7-cleaved form 22) at 259 C for 2 h in a 20 mM sodium phosphate buŠer at pH 7.0. To isolate the ovalbumin derivatives, the reaction mixture was loaded into the pre-packed anion exchanger column of Hiload 26 W 10 Q-Sepharose HP and then fractionated as described for the preparation of ovalbumin. Recombinant ovalbumin and its P1-P1?-cleaved form were prepared as described previously. 9, 23, 24) The protein concentration was calculated from the absorbance at 280 nm based on the value E 1z 1cm ＝7.12.
25)
Alkaline treatment for S-ovalbumin production. To prepare egg white S-ovalbumin, an alkaline treatment was conducted essentially as described by Smith and Back, 11) but with slight modiˆcations: ovalbumin was incubated at 1.0 mg W ml in 0.1 M glycine-NaOH buŠer at pH 9.9 and 559 C for 24 hours. To monitor the time-course characteristics of S-ovalbumin formation, the protein was incubated under the same conditions for various times. The S-ovalbumin production of recombinant ovalbumin was achieved under less severe conditions because of its lower stability under alkaline conditions; the intact and P1-P1?-cleaved forms of R339T were incubated at 509 C under the same buŠer conditions for diŠerent times.
DiŠerential scanning calorimetry. The thermostability of each ovalbumin sample was analyzed with a microcalorimeter (MCS-DSC, MicroCal, Massachusetts, U. S. A.). The protein samples were passed through a prepacked Sephadex column (NAP-5, NAP-10 or NAP-25, Amersham Pharmacia Biotech., Sweden) that had been equilibrated with a 10 mM sodium phosphate buŠer at pH 6.0 and degassed for 10 min under reduced pressure prior to the microcalorimetric analysis. Temperature scanning was performed at 19 C W min from 259 C to 1009 C. The heat capacity, Cp, was plotted after subtracting the data from a blank experiment without protein.
Kinetic analysis of the S-ovalbumin formation. In order to compare the time-course characteristics of the thermostabilization process during the alkaline treatment of egg white ovalbumin and its derivatives, each heat capacity curve with temperature T was deconvoluted to three Gaussian distributions corresponding to the three conformational substates by using the equation:
where a i and b i are variables forˆtting by a nonlinear least-squares procedure and Tmi is the temperature of the center for each Gaussian peak.
The peak area of the Gaussian distribution, Si, is given by equation 2, so that the population of the molecular species with each denaturation temperature can be estimated from the ratio of each peak area to the sum of that of the three peaks by the equation:
The variables approximated by equation 1 are used. Ovalbumin or its derivative is converted to an intermediate state, and then this intermediate to S-ovalbumin in an irreversible manner: Native egg white ovalbumin (panel A) and its derivatives, the P1-P1?-cleaved one (panel B) and the P1-P1? W P8-P7-cleaved one (panel C), were incubated under alkaline conditions (0.1 M glycine buŠer, pH 9.9, 559 C) for the indicated times (h). The heat capacity curves are arbitrarily shifted on the ordinate scale for clarity, except for the samples without the alkaline treatment.
The fractions of the three states at reaction time t are represented by the following equations:
where R1, R2, and R3 represent the fractions of ovalbumin, the intermediate, and S-ovalbumin, respectively. The time-dependent change of each fraction was approximated by the non-linear least-squares procedure by using equations 4-6.
Time-course characteristics for the limited proteolysis of ovalbumin with serine protease. To evaluate the susceptibility to protease as a probe of conformational diŠerence, ovalbumin and S-ovalbumin were each subjected to limited proteolysis with subtilisin Carlsberg or porcine pancreatic elastase essentially as previously described. 16) In brief, ovalbumin or Sovalbumin at 1.0 mg W ml in a 20 mM sodium phosphate buŠer at pH 7.0 was incubated at 259 C with 1.0 mg W ml (1 W 1000, w W w) of subtilisin Carlsberg or 0.125 mg W ml (1 W 8000, w W w) of porcine pancreatic elastase, and proteolysis was terminated by mixing with 0.1 volume of 5z tri‰uoroacetic acid. The sample mixtures corresponding to 4 mg of the original protein were subjected to standard SDS-PAGE (Laemmli, 1970) with 10z polyacrylamide gel, and the polypeptides on the gel were visualized with Coomassie Brilliant Blue R-250 and quantiˆed by a ‰atbed scanner (GT-9000, Epson, Japan) and NIH image software (version 1.60). At least two independent experiments were done to reinforce their reproducibility for each set of time-course characteristics.
Results and Discussion
Transformation of the P1-P1?-and P1-P1? W P8-P7-cleaved egg white ovalbumin into thermostabilized forms
Single cleavage of the P1-P1? site (Ala352-Ser353 bond) by elastase produces a nicked form of ovalbumin. 7) In addition to this site, subtilisin cleaves a few upstream bonds, generating P1-P1? W P8-P7-cleaved ovalbumin (plakalbumin) with a gapped structure; this gapped molecule lacks the hexapeptide segment, Ala347-Ala352, 22) corresponding to P6-P1 of serpin. In inhibitory serpin, loop-insertion is facilitated by proteolytic cleavage of the loop. 26) It has been found that plakalbumin was converted into its thermostabilized counterpart, S-plakalbumin, by an alkaline treatment, 27) but no kinetic analysis has been made of the transformation of plakalbumin to S-plakalbumin. To investigate whether the proteolytic cleavage in the loop region would aŠect the rate of S-ovalbumin formation, we compared the time-course characteristics for the thermostabilization of P1-P1?-cleaved and P1-P1? W P8-P7-cleaved forms of ovalbumin with that of intact ovalbumin. Figure 1 displays the results from the DSC analysis of the intact, P1-P1?-cleaved, and P1-P1? W P8-P7-cleaved ovalbumin after an alkaline treatment for diŠerent times. In respect of the ovalbumin samples without the alkaline treatment, the intact, P1-P1?-cleaved, and P1-P1? W P8-P7-cleaved proteins respectively expressed the unfolding transition at 77.79 C, 76.19 C, and 76.09 C, demonstrating slight destabilization by cleavage around the loop region. After a prolonged incubation of 16 hours under alkaline conditions, the transition peaks for unfolding from DSC were shifted toward higher temperatures of 85.59 C, 85.19 C, and 85.19 C for the intact, P1-P1?-cleaved, and P1-P1? W P8-P7-cleaved ovalbumin forms, respectively. As demonstrated previously, 15) an intermediate form with a thermal transition temperature of 82.19 C was produced during the thermostabilization process for the intact protein.
Likewise, P1-P1?-cleaved and P1-P1? W P8-P7-cleaved ovalbumin showed the occurrence of intermediate forms with transition temperatures of 81.89 C and 81.79 C, respectively. The thermostabilization process can be, therefore, concluded to proceed in two steps for all the three ovalbumin forms.
The time-dependent change in the DSC proˆles in Fig. 1 qualitatively suggests similar thermostabiliza- The heat capacity proˆles of Fig. 1 were deconvoluted to the three Gaussian peaks by using the non-linear least-square procedure as described in the text. The correlation coe‹cient, R, for eachˆtting varied from 0.968 to 0.997. Theˆtting parameters obtained from the deconvolution were used to calculate the populations of the original protein species (panel A), intermediate species (panel B), and fully thermostabilized species (panel C) by using equation 3 in the text. The populations of the three species were plotted as a function of time for native ovalbumin (closed circles), the P1-P1?-cleaved protein (open triangles) and the P1-P1? W P8-P7-cleaved protein (closed triangles). Theˆtting curves for the thermostabilization of native (solid line), P1-P1?-cleaved (broken line), and P1-P1? W P8-P7-cleaved ovalbumin (dotted line) during the alkaline treatment were estimated from the kinetic model of irreversible two-step transition as described in the text. tion kinetics for the three ovalbumin forms. To quantitatively evaluate the rates of thermostabilization, we deconvoluted, by using equation 1, each of the DSC proˆles into three Gaussian distributions corresponding to the original, intermediate, and fully thermostabilized states. The populations of the three ovalbumin states evaluated by equation 3 and the non-linear least squaresˆt of the data to equations 4-6 are shown in Fig. 2 . The rate constant, k1, for conversion from the original ovalbumin to the intermediate form was estimated to be 0.404± 0.045 min -1 (correlation coe‹cient, R＝0.993) for the intact ovalbumin; for the P1-P1?-cleaved and P1-P1? W P8-P7-cleaved proteins, the rate constants were 0.488±0.062 min -1 (R＝0.992) and 0.495±0.014 (R ＝1.000), respectively ( Fig. 2A) . The rate constant, k2, for the conversion from the intermediate to the fully thermostabilized ovalbumin was 0.164± 0.029 min -1 (R＝0.913) for the intact ovalbumin, 0.105±0.016 min -1 (R＝0.938) for the P1-P1?-cleaved form, and 0.125±0.033 min -1 (R＝0.646) for the P1-P1? W P8-P7-cleaved form. With all the ovalbumin forms, k1 was much larger than k2; this is consistent with the temporal accumulation of the intermediate states during the thermostabilization process. Although the P1-P1?-cleaved and P1-P1? W P8-P7-cleaved ovalbumin were each converted into the intermediate form with increased k1 rate as compared with the uncleaved intact ovalbumin, the increase was only 20-23z. The rate constant, k 2 , was only slightly lower for the P1-P1?-cleaved and P1-P1? W P8-P7-cleaved ovalbumin than for the uncleaved ovalbumin. These similar kinetic data for the three ovalbumin forms are consistent with the view that cleavage around the P1-P1? site does not greatly aŠect the thermostabilization process for Sovalbumin during an alkaline treatment. The close similarity in the rate constants for the P1-P1?-cleaved and P1-P1? W P8-P7-cleaved ovalbumin strongly suggests that the peptide stretch corresponding to P6-P1 had no signiˆcant eŠect on the S-ovalbumin formation.
In the archetypal serpin, a1-antitrypsin, the loop region after its cleavage at the scissile P1-P1? bond is inserted into a b-sheet under physiological conditions; 26) this results in increased thermostability of the serpin. For the loop insertion to occur without cleavage of the scissile bond, severe conditions such as an elevated temperature (609 C) and the presence of a high concentration of citrate are required.
28) The facilitated loop insertion in the cleaved form may be accounted for by an increased ‰exibility of the loop region. Although ovalbumin does not undergo such a large-scale conformational change by the loop-insertion mechanism 3, 29) upon proteolytic cleavage at the P1-P1? site, 7) the cleaved ovalbumin is also transformed by the same alkaline treatment into a thermostabilized form termed S-plakalbumin. 27 ) If the loop-insertion mechanism were the rate-limiting step for S-ovalbumin formation, an ovalbumin derivative with the cleaved scissile bond would have been converted to a thermostabilized state at a faster rate than that of uncleaved intact ovalbumin. The data in Fig. 2 , however, clearly demonstrate that this is not the case, both the P1-P1?-cleaved and P1-P1? W P8-P7-cleaved forms were converted to the thermostabilized state at almost the same rate as that for intact ovalbumin. Ovalbumin mutant R339T in the P1-P1?-cleaved form was incubated under alkaline conditions (0.1 M glycine buŠer, pH 9.9, 509 C) for the indicated times (h) and analyzed for its thermostability as described in the text.
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Thermostabilization of recombinant ovalbumin by an alkaline treatment
Although egg white ovalbumin has neither the loop-insertion mechanism nor inhibitory activity, 8) our recent thermodynamic and structural analyses 9) have demonstrated that mutant ovalbumin R339T with replacement of the P14 hinge residue undergoes, following P1-P1? cleavage, structural transition into the fully loop-inserted conformer that accompanies marked thermostabilization with a DTm value of 15.89 C. To examine whether or not the inherent diŠerence in the thermostabilization properties by serpin cleavage is re‰ected in the intact thermostabilization by an alkaline treatment, the protein thermostability after diŠerent incubation times at 509 C under alkaline conditions (pH 9.9) was compared for the intact forms of the recombinant wild-type and mutant R339T ovalbumin. As shown in Fig. 3 , both the wild-type and mutant ovalbumin were transformed into thermostabilized S-ovalbumin in a similar manner; the thermostability was increased by about 99 C by the alkaline treatment. It is therefore concluded that recombinant ovalbumin was transformed into S-ovalbumin in the same way, regardless of whether the protein had the inherent possibility of undergoing thermostabilization by P1-P1? cleavage.
To examine whether or not the fully loop-inserted ovalbumin would still undergo thermostabilization by the alkaline treatment, P1-P1?-cleaved R339T was incubated at pH 9.9 and 509 C for diŠerent times and analyzed by diŠerential scanning calorimetry. Figure  4 clearly demonstrates that the fully loop-inserted form of ovalbumin with a Tm value of 899 C was further transformed by the alkaline treatment into a more thermostabilized form with a Tm value of 939 C. This further thermostabilization of the fully loop-inserted form by the alkaline treatment is inconsistent with the possibility that partial loop insertion was the major mechanism involved in S-ovalbumin formation.
The observed DTm value was signiˆcantly less than the DTm value (about 99 C) for S-ovalbumin formation from the non-loop-inserted ovalbumin forms (Figs. 1 and 3) , and no intermediate state could be clearly detected during the thermostabilization process of the loop-inserted conformer (Fig. 4) . These data are consistent with the view that either the thermostabilization process from native to intermediate or from intermediate to S-ovalbumin was sequestered by the large thermostabilization eŠect due to loop insertion. To examine this, we analyzed the thermostabilization by P1-P1? cleavage of R339T samples that had been incubated under alkaline conditions. When the intact S-ovalbumin form of R339T was subjected to P1-P1? cleavage by elastase, the thermostabilized form with a Tm value of 93.29 C was produced (Fig. 5) . The Tm value for this product was almost exactly the same as the one for fully thermostabilized R339T produced by the alkaline treatment of the P1-P1?-cleaved ovalbumin mutant (Fig. 4, 93 .39 C), indicating that the altered order of alkaline treatment and P1-P1? cleavage yielded the sameˆnal product of loop-inserted S-ovalbumin. An cleavage into a thermostabilized state with a Tm value of 92.79 C for the major peak and a Tm value of 899 C for the shoulder. This result is consistent with the view that both the forms of S-ovalbumin and intermediate were transformed into fully thermostabilized, loop-inserted S-ovalbumin. The shoulder with a Tm value of 899 C may be accounted for by the loop insertion of native R339T that was found in the intermediate-enriched sample as a shoulder peak of 72.99 C (Fig. 5) . The transformation by loop cleavage of the intermediate strongly suggests that the thermostabilization process from the intermediate to S-ovalbumin was sequestered by the large thermostabilization eŠect from loop insertion.
Limited proteolysis of ovalbumin and S-ovalbumin with serine proteases
The original loop-inserted conformer model for Sovalbumin 16, 17) has been largely based on the observation that this thermostabilized form had highly increased susceptibility to serine protease; S-ovalbumin has been shown to be cleaved with a 38-fold greater rate by elastase than ovalbumin was. 16) This observation, however, was based on a commercially available ovalbumin preparation in which the partially thermostabilized intermediate form was included as a contaminant. We re-examined the susceptibility to elastase by using highly puriˆed ovalbumin and its thermostabilized S-ovalbumin preparations. As shown in Fig. 6 , no increased elastase susceptibility was apparent for S-ovalbumin; the apparentˆrst order rate constant of the proteolysis was even slightly greater for ovalbumin (0.018 min -1 ) than for Sovalbumin (0.013 min -1 ). This inconsistency in the protease susceptibility may simply be related to the use of diŠerent ovalbumin preparations. We employed an ovalbumin preparation that had been highly puriˆed from fresh eggs by protein crystallization and subsequent ionexchange column chromatography, while a commercially available ovalbumin preparation (Calbiochem) was used in the previous study. 16) As a clearly detectable diŠerence, the previous ovalbumin preparation, 16) but not ours (see the DSC proˆle in Fig. 1, panel A) , contained a signiˆcant amount of the partially thermostabilized intermediate form. As a possible explanation for the diŠerent protease susceptibility, egg white contains ovomucoid and ovoinhibitor which have potent inhibitory activities against serine proteases. 30) Although the purity of the commercially available ovalbumin preparation is not clear, the higher protease susceptibility of S-ovalbumin can be explained by inactivation of the contaminated protease inhibitors by the alkaline treatment at 559 C.
Conclusion
The structural mechanism for S-ovalbumin formation has been one of the major unanswered questions in the serpin biochemistry and food science of egg white proteins. Proposed models can be largely categorized according to two mechanisms: one is covalent modiˆcation 31, 32) and the other is conformational change. 16, 17, 33, 34) With the latter mechanism, partial loop insertion has been most persuasive one. The data in the present report, however, make it very unlikely for partial loop insertion to be the major underlying mechanism for S-ovalbumin production. First, ovalbumin with diŠerent serpin-loop structures was transformed into S-ovalbumin by the alkaline treatment at similar rates ( Fig. 1 and 2) . Second, fully loop-inserted ovalbumin mutant R339T was further thermostabilized by the alkaline treatment (Fig. 4) . Third, there was no signiˆcant diŠerence between native ovalbumin and S-ovalbumin in the rate of loop cleavage by proteases. Our observation that denatured ovalbumin and S-ovalbumin refolded into the original native forms as evaluated by their thermostability (unpublished data) support the participation of a non-conformational mechanism, i.e. covalent modiˆcation, in S-ovalbumin production.
